Exposure to hyperoxia results in acute lung injury. A pathogenic consequence of hyperoxia is endothelial injury. Macrophage migration inhibitory factor (MIF) has a cytoprotective effect on lung endothelial cells; however, the mechanism is uncertain. We postulate that the MIF receptor CD74 mediates this protective effect. Using adult wild-type (WT), MIF-deficient (Mif 2/2 ), CD74-deficient (Cd74 2/2 ) mice and MIF receptor inhibitor treated mice, we report that MIF deficiency or inhibition of MIF receptor binding results in increased sensitivity to hyperoxia. Mif 2/2 and Cd74 2/2 mice demonstrated decreased median survival following hyperoxia compared to WT mice. Mif 2/2 mice demonstrated an increase in bronchoalveolar protein (48%) and lactate dehydrogenase (LDH) (68%) following 72 hours of hyperoxia. Similarly, treatment with MIF receptor antagonist resulted in a 59% and 91% increase in bronchoalveolar lavage protein and LDH, respectively. Inhibition of CD74 in primary murine lung endothelial cells (MLECs) abrogated the protective effect of MIF, including decreased hyperoxia-mediated AKT phosphorylation and a 20% reduction in the antiapoptotic effect of exogenous MIF. Treatment with MIF decreased hyperoxia-mediated H2AX phosphorylation in a CD74-dependent manner. These data suggest that therapeutic manipulation of the MIF-CD74 axis in lung endothelial cells may be a novel approach to protect against acute oxidative stress.-Sauler,
elevated partial pressures of oxygen can result in oxidative stress, cellular damage, and respiratory impairment (1, 2) . Optimal treatment of individuals with severe respiratory distress therefore will rely on elucidating protective mechanisms against hyperoxic lung injury. Key pathogenic features of hyperoxic lung injury are endothelial injury and apoptosis, and molecular regulators of endothelial health may afford protection from hyperoxia (3) .
Macrophage migration inhibitory factor (MIF) is an upstream regulator of the innate response, and MIF protects against oxidative stress-mediated apoptosis. In the lung, the mechanism for this protection remains poorly understood (4) (5) (6) (7) . MIF is a pleiotropic cytokine that exists in preformed cytoplasmic pools in alveolar epithelial, alveolar endothelial, and pulmonary macrophages. MIF is secreted by these diverse cell types in response to microbial products, proinflammatory cytokines, and oxidative stress (8, 9) . Early investigations demonstrated that MIF may have a pivotal role in the pathogenesis of many forms of lung disease including ARDS (10) . MIF is elevated in the bronchoalveolar lavage (BAL), and serum of individuals with ARDS and genetic deletion of the Mif gene is protective in certain models of murine lung injury (10) (11) (12) . Multiple studies have linked functional polymorphisms in MIF to pulmonary disease, yet the effects of MIF polymorphisms in ARDS remain uncertain (13) . Recently, investigations have suggested that MIF can protect against various forms of oxidative stress in the lung, including cigarette smoke and radiation (4) (5) (6) (7) 14) . Collectively, these observations suggest that whereas MIF secretion may correlate with disease severity, it may have a role in lung protection from oxidant injury. Exposure to hyperoxia is a validated model of ARDS that has led to successful translational studies (15, 16) . Studying MIF in a murine hyperoxic injury model may inform our understanding of ARDS and suggest novel therapeutic targets in this disease.
MIF binds to its cell surface receptor CD74 to initiate signaling pathways that include the p44/p42 MAPK (ERK1/2) and PI3K/AKT pathways; these in turn lead to enhanced survival and a decrease in p53-dependent apoptosis (17) (18) (19) (20) . In the lung, CD74 expression has been reported in macrophages, type II pneumocytes, and upon oncogenic transformation (6, 21, 22) . We hypothesized that constitutive or inducible CD74 expression is essential for MIF's protective effect in the lung. Using a hyperoxia model of lung injury, we demonstrate that both Mif 2/2 and Cd74 2/2 mice are more sensitive to hyperoxic injury than wild-type (WT) mice, and pharmacologic antagonism of the MIF-CD74 interaction replicates the susceptibility of MIF-deficient mice to hyperoxic lung injury. Although CD74 is absent at baseline in endothelial cells, our data demonstrate that CD74 is induced by hyperoxia, suggesting a specific tissueprotective role for MIF-CD74 signal transduction during hyperoxic injury.
MATERIALS AND METHODS

Mice
Mif
2/2 mice, backcrossed for .10 generations onto a C57BL/6J background, were described previously (23).
Cd74
2/2 mice on a C57BL/5J background and WT C57BL/6J mice were obtained from The Jackson Laboratory (Bar Harbor, ME, USA) and bred in our facility. All mice were bred by homozygous mating under specific pathogen-free conditions at the animal facility of the Yale University School of Medicine, and animal protocols were reviewed and approved by the Animal Care and Use Committee at Yale University.
Hyperoxia exposure
Eight-to 10-week-old mice were bred and exposed to .95% oxygen in a Plexiglas-exposure chamber as previously described (24) . For survival studies, animals were monitored, and time of death was noted. Mice were treated with the MIF antagonist 3-(3-hydroxybenzyl)-5-methylbenzooxazol-2-one, designated MIF098 [compound 5 (25) ], which was delivered immediately prior to initiation of hyperoxia by i.p. injection and every 12 hours subsequently at a concentration of 40 mg/kg twice a day (26) . MIF098 was dissolved in 125 ml PEG400 (Sigma-Aldrich, St. Louis, MO, USA) in a sonicating water bath; 1.125 ml Hp-P-cyclodextrin (Sigma-Aldrich) then was added to prepare a 4 mg/ml solution. Control mice were treated with vehicle alone.
Isolation of primary murine lung endothelial cells
The isolation of murine lung endothelial cells (MLECs) has been previously described (27) . Briefly, microvascular endothelial cells were obtained from 4-week-old WT mice. Animals were euthanized via cervical dislocation, and lungs were collected in ice-cold DMEM. Lung tissue was minced and digested for 1 hour at 37°C in 0.1% collagenase-A. Digests then were filtered and resuspended in growth medium and plated in 0.1% gelatincoated plates. Cells were subjected to sequential magnetic bead selection with CD31 and CD102 (BD Biosciences, Franklin Lakes, NJ, USA). For studies of nuclear damage, SV40-transformed MLECs were generated by expressing SV40 large T antigen (SV40) in early passage of primary MLECs as previously described (28) .
Measurements of lung injury
BAL fluid was assessed at 72 hours after hyperoxia exposure. Mice were killed by intraperitoneal ketamine/xylazine injection, and the trachea was cannulated and perfused with two 0.9 ml aliquots of cold saline. The cellular contents and BAL fluid were separated by centrifugation. Cells were enumerated with a COULTER Counter (Beckman Coulter, Brea, CA, USA). Protein quantification was performed via a bicinchoninic acid protein assay (Thermo Fisher Scientific, Waltham, MA, USA). Lactate dehydrogenase (LDH) quantification was performed via a Cytotoxicity Detection Kit (Roche, Basel, Switzerland). H 2 O 2 content of the BAL was measured using an Amplex Red hydrogen peroxide kit (Life Technologies, Carlsbad, CA, USA). BAL IL-6 was quantified using a commercially available ELISA kit (BD Biosciences).
Apoptosis assay
Fluorescence-activated cell sorting (FACS) analysis of MLECs for Annexin V and propidium iodide (PI) was performed per the manufacturer's protocol (BD Biosciences). TUNEL staining per manufacturer protocol (Roche) was used on mouse tissue.
Immunofluorescence imaging
Formalin-fixed paraffin-embedded lung tissue samples were deparaffinized with xylene, rehydrated gradually with graded alcohol solutions, and then washed with deionized water. For immunofluorescent staining of CD74, antigen retrieval was performed by heating for 15 minutes with 10 mM citrate buffer (pH 6.0) in a microwave oven. Slides were blocked with serum-free blocking solution (Dako, Copenhagen, Denmark). Sections were incubated with a 1:50 dilution of antibody specific for the extracellular domain of CD74 (C-16; Santa Cruz Biotechnology, Dallas, TX, USA) and 1:50 dilution of anti-vWF (von Willebrand factor) antibody (Dako) overnight at 4°C in a humidified chamber. Secondary staining was accomplished with chicken anti-goat (Alexa Fluor 488) and goat anti-rabbit (Alexa Fluor 594) (Life Technologies), and samples were counterstained with DAPI (Life Technologies). Microscopy was performed with a Nikon Eclipse Ti-S microscope (Tokyo, Japan) equipped with an Andor Technology camera (Belfast, United Kingdom). Costaining for g-H2AX and 53BP1 foci has been previously described (31) . Briefly, cells were fixed with 2% paraformaldehyde (2% sucrose) for 10 minutes at room temperature. Cells were permeabilized with 0.5% Triton X-100 in PBS for 5 minutes on ice. To block nonspecific binding, cells were incubated in porphobilinogen for 1 hour (0.2% fish gelatin, 0.5% bovine serum albumin, and 13 PBS) and then incubated overnight at 4°C in a humidified chamber with antibodies against g-H2AX (EMD Millipore, Billerica, MA, USA) or 53BP (Santa Cruz Biotechnology) followed by 488 goat anti-mouse (Alexa Fluor 488) and 594 goat anti-rabbit (Alexa Fluor 594). For colocalization studies, colocalized foci were enumerated visually and values confirmed with validated high-throughput imaging software (29, 30) .
Western blot
Lung tissue was homogenized in a RIPA buffer (Thermo Fisher Scientific) supplemented with protease and phosphatase inhibitors (Roche). Western blotting was performed with an SDS-PAGE system (Bio-Rad, Hercules, CA, USA), and 20 mg protein sample was electrophoresed on a 4-20% Tris gel (Bio-Rad) in Tris running buffer, blotted to a PVDF membrane (Bio-Rad), and probed with primary antibodies against g-H2AX, CD74, phosphorylated AKT (Ser-473), AKT, and b-actin (Cell Signaling Technology, Danvers, MA, USA). . E) BAL IL-6 concentration. F) BAL cell count (n = 8-12 mice per group). *P , 0.05 vs. room air WT and # P , 0.05 vs. WT mice exposed to hyperoxia; Student's t test.
Statistics
Data are expressed as the mean and/or median 6 SE. Survival studies were evaluated using log-rank analysis. Graphs and statistical comparisons were performed with GraphPad Prism version 6.00 (GraphPad Software, La Jolla, CA, USA). , and WT adult mice were exposed to continuous hyperoxia by a standard protocol. WT mice had significantly improved survival when compared to Mif 2/2 and Cd74 2/2 mice (Fig. 1) .
RESULTS
Mif
Mif 2/2 mice are sensitive to hyperoxia-induced lung injury
We then investigated lung injury at 72 hours, a time point that we have previously shown to be associated with maximal lung injury (2) . At 72 hours, Mif 2/2 mice demonstrated significantly increased lung injury as evidenced by increased BAL protein and LDH, increased apoptosis as evidenced by TUNEL staining, increased reactive oxygen species (ROS) production as suggested by measurements of BAL H 2 O 2 , and increased inflammation as suggested by measurements of IL-6 content (Fig. 2) .
Inhibition of CD74 by MIF098 results in increased sensitivity to hyperoxic lung injury MIF initiates multiple signaling pathways by engaging the cell surface receptor, CD74. Small molecule MIF receptor antagonists have been validated in different preclinical models of inflammation (31, 32) , and recent work has led to the development of highly potent, orally bioavailable benzooxazolone-based inhibitors such as MIF098 (25, 26 Fig. 1 , inhibition of MIF interaction with CD74 resulted in increased hyperoxic injury as evidenced by increased BAL protein and LDH, apoptosis, and ROS production (Fig. 3) .
CD74 expression is increased in MLECs following exposure to hyperoxia
We next sought to determine the relevant cell type in the lung that mediates the protective effect of MIF-CD74 interaction. Previous reports from our lab have demonstrated a pivotal role for endothelial cells in hyperoxic lung injury. Using immunofluorescent staining and colocalization with vWF, we found only minimal CD74 staining on endothelial cells under baseline conditions. After exposure to hyperoxia, there was a marked increase in CD74 protein in isolated MLECs (Fig. 4A, B) . In lung sections, CD74 colocalized with vWF, a marker for microvascular endothelial cells, and there was a marked induction of immunoreactive CD74 following hyperoxia exposure, similar to the Western blot data (Fig. 4C) .
Inhibition of CD74 decreases AKT signaling
Phosphorylation of AKT Ser473 is induced by oxidative stress in lung endothelial cells (33) . Phospho-AKT Ser473 in turn has been demonstrated to be protective in hyperoxic lung injury models as well as mediate protection from oxidative stress-induced apoptosis. Similarly, MIF has been demonstrated to mediate an antiapoptotic effect through CD74 and AKT signaling. The silencing of CD74 decreased AKT phosphorylation in MLECs in response to hyperoxia (Fig. 5) .
CD74 is necessary for MIF's antiapoptotic effect in MLECs
The antiapoptotic effect of MIF has been well characterized in a variety of cell types and toxic stressors; however, the precise role of MIF-CD74 signaling in the response of pulmonary endothelial cells has not been examined. Previously reported MLECs treated with 100 ng/ml MIF in vitro were protected from oxidative stress and apoptosis (Fig. 6A, B) . Treatment with silencing RNA (siRNA) directed against MIF resulted in increased apoptosis when compared to control (scrambled) RNA, and this protective effect was reversed by treatment with MIF (Fig. 6C) . However, treatment with a CD74 siRNA resulted in increased apoptosis, an effect that was not rescued by MIF addition (Fig. 6D ). These data support the conclusion that CD74 is necessary for MIF-dependent protection against oxidative stress-induced apoptosis.
MIF decreases oxidative stress-mediated g-H2AX in a CD74-dependent manner
Hyperoxia results in the formation of ROS, which can promote DNA damage. This leads to the phosphorylation of serine 139 of Histone 2AX (g-H2AX) as a consequence of both PI3K-related kinases ATM (ataxia-tenagiectasia mutated) and ATR (ataxia-and Rad3-related) (34) . g-H2AX is a sensitive marker of DNA damage and is frequently used to assess the degree of double-stranded DNA breaks. g-H2AX recruits DNA repair proteins including 53BP1, and these complexes regulate both DNA repair and p53-dependent apoptosis (35) . Our data suggest that MIF inhibits g-H2AX and g-H2AX/53BP1 complex formation in a CD74-dependent manner. In agreement with previous reports, 12 hours of hyperoxia resulted in phosphorylation of H2AX (36) . Silencing of MIF resulted in increased g-H2AX expression compared to control, an effect that was antagonized by treatment with recombinant MIF (Fig. 7A) . Silencing of CD74 resulted in a similar increase in g-H2AX, and as expected, this increase was unaffected by treatment with exogenous MIF (Fig. 7B, C) . Similarly, whereas treatment with MIF reduced g-H2AX/53BP1 foci formation as a consequence of hyperoxia exposure, pretreatment with SICD74 abrogated the protective effects of MIF treatment (Fig. 7D, E) .
DISCUSSION
Acute lung injury and ARDS remain devastating respiratory syndromes that are associated with high mortality and few therapeutic options (37, 38) . Recurrent failure to translate auspicious preclinical studies into successful therapeutics has been attributed to the complex nature of these diseases, which includes heterogeneity in the inciting stimuli as well as the determinants of clinical progression. The results of randomized controlled clinical studies have suggested that treatments may need to be disease and time point specific (38, 39) . Because animal models of disease are limited, integrating multiple murine lung injury models is necessary to fully understand disease pathogenesis and develop new therapeutic targets. MIF is an innate immune protein whose expression has been inversely correlated with disease severity in ARDS and has been demonstrated to mediate deleterious cytokine production in certain lung injury models (10, 11, 40) . Yet, studies have highlighted a protective effect of MIF, and recent evidence has suggested that MIF may exert a protective effect on lung endothelial cells (4) (5) (6) . Therefore, we investigated the role of MIF and its receptor CD74 in a hyperoxic lung injury model of ARDS. We demonstrated that 1) MIF and CD74 mediate protection from hyperoxic lung injury, 2) CD74 expression is induced by hyperoxia in endothelial cells, and 3) MIF, via CD74, protects against oxidative stressmediated apoptosis and DNA damage in isolated lung endothelial cells. The endothelial MIF-CD74 signaling pathway may represent a novel therapeutic target in oxidant-mediated lung disease. Using an adult murine hyperoxic injury model, we demonstrate that genetic MIF deficiency is associated with increased lung injury, inflammation, and endothelial cell death. Similar sensitivity to hyperoxic lung injury was observed by use of a previously validated small molecule antagonist of MIF receptor binding. This molecule is an allosteric inhibitor of MIF binding to the CD74 receptor. These data suggest that MIF's protective effect was, at least in part, mediated by its receptor CD74.
Endothelial cells constitute 30% of the lung surface, demonstrate early pathologic changes to acute hyperoxia, and have been shown to be a key mediator of hyperoxia-induced lung injury. Others have described that CD74 is induced on lung endothelial cells in response to stimuli (41) . In the lung, CD74 has been demonstrated in type II cells, macrophages, and lymphocyte populations (2, 3, 42) . Most recently, CD74 has been demonstrated in endothelial cells of patients with pulmonary HTN (43, 44) . Although the protective effect of MIF in endothelial cells has been described previously, the involvement of CD74 and its inducible expression as a consequence of hyperoxia are novel observations (6, 22) . An important limitation of this study is the lack of a mouse-specific monoclonal antibody that targets cell surface CD74. Additionally, there are multiple isoforms of the CD74 protein.
However, other investigators have demonstrated that inflammation, possibly as a consequence of IFN-g or cathepsin S in hyperoxic lung injury, can induce endothelial CD74 (45) (46) (47) (48) .
We demonstrate decreased AKT activation as a consequence of CD74 silencing. Phosphorylation of AKT induces a wide spectrum of proangiogenic, antiapoptotic, and antioxidant effects, including NF-E2-related factor 2 (NRF-2) (49-51). Activation of CD74 via AKT signaling has been described to mediate protection from oxidative stress (33) . Given the pleiotropic nature of MIF, targeting endothelial CD74 may be the preferred therapeutic target. Our data suggest that a MIF-CD74 interaction may play an important role in protecting endothelial cells from hyperoxic lung injury. It remains to be determined if the protective effect of MIF is mediated solely by CD74 signaling through AKT or if alternative pathways also play a role, such as CD74-regulated intramembrane cleavage or MIF interaction with Jun-activating binding protein 1 (Jab1) (52) (53) (54) . The mechanism of CD74 up-regulation remains uncertain and deserves further study.
Oxidative stress can result in genomic instability. Hyperoxia in particular can cause DNA damage, including single-and double-stranded DNA breaks that can induce cellular senescence and apoptosis (34, 45, (55) (56) (57) . In order to preserve genetic integrity, organisms have adopted complex systems to counteract the effects of genotoxic stress. Cellular antioxidants mitigate DNA damage by neutralizing ROS to avoid damage. Elaborate checkpoint systems survey for DNA damage and facilitate activation of repair mechanisms while arresting progression through the cell cycle in order to prevent the propagation of genetically altered cells. Coordination of these systems is crucial for cellular defense and avoidance of malignant transformation (58, 59) . Multiple studies have suggested that MIF plays an important role in cell cycle regulation and defense from genotoxic stress. One possibility is that this protection is mediated through increased antioxidant gene expression. Interestingly, a recent publication has suggested that silencing of MIF resulted in decreased NRF-2 activation, and hence, MIF would induce protection from oxidative stress-mediated damage (6) . Multiple studies suggest that MIF provides protection from genotoxic stress and interferes with p53 and E2F-Rb signaling (19, 60, 61) . Therefore, MIF may play a complex role in DNA stability in response to hyperoxia.
We showed herein that treatment of cells with MIF could suppress hyperoxia-induced DNA damage as evidenced by changes in the expression of g-H2AX and 53BP1. g-H2AX is a phosphorylated form of histone variant protein H2AX that serves to recruit 53BP1 and DNA repair enzymes, especially at sites of doublestranded DNA breaks (62, 63) . The measurement of g-H2AX is a validated surrogate for DNA damage in response to genotoxic stimuli. These data suggest that MIF may protect against double-stranded DNA breaks and may underlie in part the protective action of MIF in the lung (64) . Further studies are necessary to determine if the increase in g-H2AX is a consequence of decreased damage and/or increased repair as opposed to mechanisms that suppress g-H2AX formation at the site of injury as a consequence of MIF. Elucidation of the interaction between MIF-CD74 and MIF-JAB1 may help to clarify the role of MIF-CD74 in the protection from oxidative stress. These studies will be crucial to determine the role of MIF in ARDS as well as other oxidative stress-mediated diseases, including cancer and aging.
Further studies are required to delineate the specific mechanisms by which MIF, through CD74, mediates its protection and how this pathway may be best approached pharmacologically, conceivably by small molecule antagonists or by anti-MIF, which is in phase I clinical testing (ClinicalTrials.gov, NCT01765790). D-Dopachrome tautomerase, an orthologous MIF protein that binds CD74, may have therapeutic potential as well (65) (66) (67) (68) . Finally, these data should prompt investigation into the potential protective role in ARDS of variant MIF alleles, which occur commonly in the human population and have been linked to the severity of other inflammatory or infectious conditions of the lung (e.g., asthma, pneumonia, and tuberculosis). 
